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Abstract 
In this paper, a new approach is proposed to predict optimal machining conditions for most energy-efficient machining of Ti6Al4V. First an 
analytical cutting force model is implemented to predict the cutting forces and cutting power, followed by the temperature prediction to 
estimate the cutting temperature. Then based on the cutting temperature and stability lobes, the energy-efficient machining conditions are 
obtained. Thereafter experiments were performed to verify the simulation results by measuring forces with force gauges and cutting 
temperature using the tool-work thermocouple method. The case study shows that the proposed approach provides more stable cutting 
conditions as well as longer tool life using optimal cutting conditions by controlling vibration and the cutting temperature. 
Keywords: Energy-efficient machining, titanium alloys, cutting temperature, vibration 
1. Introduction 
Titanium alloys have recently been more widely used in the 
aerospace, biomedical and petroleum industries because of 
their good strength-to-weight ratio and superior corrosion 
resistance. As designers look to further improve their designs 
and as modeling technologies advance, industries are turning 
to titanium more often than ever. Figure 1 shows percentage 
of titanium parts used in airplane designs by year since 1950. 
The increasing use of titanium alloys magnifies the need for 
optimizing high-performance titanium machining. 
The benefits of titanium alloys come at a price, however, 
because it is very difficult to machine them due to their poor 
machinability. Among all titanium alloys, Ti6Al4V is most 
widely used, which was also selected as the work material in 
this study. The thermal conductivity of Ti6Al4V titanium 
alloy is approximately 25 times and 10 times less than 7075 
aluminum and WC-Co, respectively, as shown in Table 1 [1]. 
Such a low thermal conductivity of Ti6Al4V causes the 
cutting heat to remain at the tool/chip interface, rather than 
being conducted away into the workpiece and cutting chips for 
aluminum alloys, which is particularly problematic due to the 
fact that titanium has high chemical reactivity at elevated 
temperatures [2, 3]. This high cutting temperature then 
accelerates diffusive tool wear. Diffusive tool wear is one of 
the dominant wear patterns for WC-Co tools in titanium 
machining, which is typically characterized by diffusion of the 
tool material into the workpiece/chip. The diffusion wear is 
temperature dependent; high temperatures at the tool-chip 
interface favors tool wear occurring. Therefore, the maximum 
allowable cutting temperature places an upper bound on the 
allowable cutting speed to maintain a reasonable tool life 
while achieving the optimal combination of high productivity 
and low tool consumption.  
Also the high strength of titanium alloys causes high 
cutting forces, and under high cutting forces chattering and 
vibration are more likely to occur [4]. It is necessary to select 
right cutting conditions to control cutting vibration and 
possible chattering. From a machining dynamics point of 
view, the stability lobes tend to recommend high rotational 
speed to avoid the chatter frequency. Even if there are large 
stable zones observed in stability lobe diagrams, the maximum 
available spindle speed is limited by cutting temperature in 
titanium machining. 
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Table 1. Properties of 3 widely used materials and WC tool material [1]. 
Material Thermal conductivity 
(W/m-K) 
Specific heat 
capacity (J/kg-C) 
Tensile strength 
(MPa) 
Aluminum 7075-O 173. 960 96.5 
AISI 4340 steel 44.5 475 786 
Ti6Al4V STA 6.7 526.3 1100 
WC-Co (6%-10%) 60 - 80 200 - 400 1440 
 
For almost all engineering materials, their yield strength is 
gradually reduced with the increase of temperature as shown 
in Fig. 2. Therefore, the higher the cutting temperature, the 
easier to remove the work material. Typically when the 
temperature reaches 800oC, the mechanical strength of WC is 
sharply reduced. Thus to control cutting temperature to soften 
the work material and maintain mechanical strength of tool 
materials is key to achieve energy-efficient machining of 
titanium alloys. A significant amount of work has been 
conducted on thermally assisted machining (TAM) with a 
great deal being focused on using a laser to deliver the 
thermal energy [5, 6]. The external heat source may lead to 
shorter tool life due to the premature degradation of cutting 
tools and accelerated diffusion and adhesion wear [6]. Thus in 
TAM effective cooling of cutting tools is necessary. Currently 
in practical industries, coolants are a must when carbide tools 
are used to cut titanium alloys, which makes it difficult to 
apply TAM, especially for milling operations. Ma et al [7] 
investigated the energy utilization and efficiency in TAM of a 
titanium alloy using numerical simulation. Their results show 
that preheating the workpiece reduces the cutting energy but 
increases the total energy in TAM. Thus there is significant 
potential to maximize total energy efficiency in TAM by 
optimal design of heating strategies and machining conditions.  
Tool life and cutting speeds are major parameters which 
affect the efficiency of the machining process. The tool life 
rapidly reduces with an increase in the cutting speed [2]. 
Often in industry cutting tools and machine settings are 
chosen for different titanium alloys, without proper 
knowledge of the best combination of various cutting 
parameters [8, 9]. The objective of this paper is to propose a 
new approach to predict optimal machining conditions for 
most energy-efficient machining of Ti6Al4V.  
 
Fig. 2 Yield strength of tool and work material at different temperature [3] 
2. Modeling of cutting forces and temperature 
Oxley [10] developed a parallel-sided shear zone theory to 
predict cutting forces as shown in Fig. 3. Based on Oxley’s 
theory, Wang et al [11] proposed a hybrid cutting force model 
by integrating the finite element analysis and Oxley theory to 
estimate the cutting forces and average temperature along the 
shear plane and at the tool/chip interface. The concept of the 
hybrid model was borrowed in this study to estimate the 
cutting forces. Instead of depending on the finite element 
method (FEM) simulation to get the shear angle, a pure 
analytical approach is used in this paper to predict the cutting 
force based on the equilibrium condition at the tool/chip 
interface as that stated in [10]. Based on the assumption that 
the shear flow stress kAB along the shear plane is constant; the 
shear force FS and cutting force FC can be estimated as: 
 
Year of roll-out 
Fig. 1 The increasing use of titanium magnifies the need for optimizing high-performance titanium machining 
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 where w is the width of cut, l is the length of the shear 
plane, t1 is the undeformed chip thickness, I is the shear 
angle, O is the friction angle, α is the rake angle, and θ is the 
angle made by the cutting direction and resultant force. 
 
Fig. 3 Cutting forces diagram based on the shear plane model 
From Eq. (2), the specific cutting pressure can be estimated 
with the following equation: 
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In addition, the frictional force Ff at the tool chip interface 
and the tool-chip contact length lc, which are two important 
parameters to estimate the cutting temperature in the 
following, can also be estimated as: 
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where Cn is the strain rate constant, n1 is work hardening 
index. 
Based on the above description, for given values of rake 
angle D, cutting speed VC, the undeformed chip thickness t1 
and width of cut w, together with the thermal and flow stress 
properties of the work material and the initial temperature of 
the work Tw (25oC in all calculations), an analytical approach 
as given in [11] can be employed to predict the cutting forces, 
shear angle and the angle θ, etc. 
In the prediction of the stability lobes, the cutting force 
coefficient is normally from empirical tests. When cutter 
geometries or cutting conditions are changed, this coefficient 
also varies, thus tests are needed to get this coefficient again 
to reduce the uncertainty in the predicted stability lobes, 
which is costly and time consuming. With the above 
analytical approach, both material properties and cutter 
geometries are considered to predict the cutting force 
coefficient, which can ensure better accuracy without physical 
cutting tests used in the conventional approach. 
The temperature at the tool/chip interface, in general, near 
to the tool tip plays an important role in the machinability of 
various work materials. Thus, a considerable amount of 
research work has been carried out to analyze temperature 
fields in the chip and the cutter. In this paper, a similar 
approach as Tlusty’s finite difference computation method [4] 
was used with necessary augment to consider the transient 
heat transfer inside the cutter. 
Based on the cutting mechanics shown in Fig. 3, the shear 
temperature along the shear plane AB TAB can be estimated 
with the proposed cutting force model. It is assumed that the 
heat conducted from the chip into the surrounding air is 
negligible. Considering chip area ABCD as shown in Fig. 4, 
the boundary condition is such that along AD the chip is 
insulated based on the assumption that no heat conducted into 
the surrounding air from the chip. Along BC over the contact 
length lc there is power/heat input Qc due to tool/chip friction. 
The friction power is generated in the contact between the 
chip and the tool, and its distribution follows the normal 
pressure and the heat power Qc are distributed as that in [4]. 
The heat spreads in the chip by conduction in the direction Y 
and by conduction and mass transfer (chip motion) in the 
direction of X. Thus, the heat balance equation for the discrete 
chip zone as shown in Fig. 4 is shown as the following: 
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where Tc is the temperature field, kc and cp are the thermal 
conductivity and specific heat capacity of the work material, ρ 
is the density. A similar heat transfer equation (no mass 
transfer) exist for the tool nodal points. 
As shown in Fig. 4, the basic idea of finite difference 
computation approach is described as follows. The whole 
field of the chip is divided into incremental slices in both 
directions. Assume that the temperature is constant over every 
element and changes discretely from element to element, the 
method of finite differences can be applied to the field. The 
mass transfer and heat transfer along X direction are 
considered. Correspondingly, only the heat conduction along 
Y direction are considered in the computation. Over the tool 
chip contact length, it obtains at its lower end heat input Qc 
and the heat spreads in this slice in the direction Y by 
conduction, also heat is conducted away through the tool. 
Based on the approach mentioned above and the input data 
such as cutter geometries, cutting conditions and material 
properties, the temperature field in the chip and cutter can be 
estimated, then the average temperature Tcav at the tool/chip 
I 
O 
VC 
Chip 
Tool 
D 
Fc 
FS 
FN 
A 
B 
G 
l 
lc 
t2 
Fn 
FR 
FR FT 
Ff 
t1 θ 
Cutter Chip 
A 
B 
C
D
Fig. 4 Finite difference formulation for temperature in the chip and cutter 
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interface can be calculated. With Tcav as input, the power 
flowing through the tool Pt can be estimated. Thereafter, 
update the power escaping through the tool for the next run 
and check for the difference of Tcav between two consecutive 
runs until it is less than a threshold value, i.e., 0.005oC. 
3. Results and discussion 
3.1. Evaluation of cutting force model 
At first the analytical cutting force model was verified 
through experiments. A Ti6Al4V part with a convex and 
concave feature as shown in Fig. 5 was tested. A solid carbide 
end mill with a diameter of 12.7 mm was used to mill 
Ti6Al4V (STA) material under flood coolant and the 
conditions were feed rate fz = 0.1 mm/r-z, Vc = 58.1 m/min, 
radial depth of cut ae = 0.6 mm and axial depth of cut ap 12.7 
mm, and cutting forces were measured with a Kistler 
Dynamometer 9255B.  
 
Figure 5 Feature of workpiece for cutting force testing 
The comparison between experimental and simulation 
cutting forces is demonstrated in Fig. 6, which shows that the 
predicted cutting force model can predict the cutting forces 
with a good accuracy (less than 10% error) for all straight, 
concave and convex portions. Accordingly the cutting 
coefficient can be estimated with Eqs. (2) and (3), which is 
then used in Section 4 to predict the stability lobes. 
 
Figure 6 Comparison of experimental and simulated cutting forces 
 
Fig. 7 Simulated temperature distribution in the chip sliding away at the tool/chip interface under fz = 0.10 mm/rev-z, ap = 6 mm and different cutting speeds. 
 
527 Zhigang Wang et al. /  Procedia CIRP  17 ( 2014 )  523 – 528 
3.2. Cutting temperature measurement 
Figure 7 shows the simulation results under fz = 0.1 
mm/rev-z, ap = 6 mm and different cutting speeds. With the 
increase of cutting speed, the friction power at the tool/chip 
interface increases which then increases cutting temperature. 
When the cutting speed reaches 70 m/min, the maximum 
cutting temperature is even over 800oC, which is a critical 
temperature for WC-Co material to maintain its mechanical 
strength. Thus, cutting speed is the more influential parameter 
that increases the cutting temperature. Thus the main focus is 
on the cutting speed effect on cutting temperature. 
In this study, the tool/work thermocouple method was used 
to measure cutting temperature. Figure 8 shows the tool/work 
thermocouple circuit for the milling operation. The hot-
junction is the chip/tool interface. To make a complete circuit 
to record the electromotive force (EMF) data in an EMF 
recorder, wires are needed to make connections between the 
recorder and the tool and the recorder and the work. Because 
the end mill is rotating, the wire passes through a slip ring 
device, which is a liquid mercury contact as shown in Fig. 8.  
 
 
 
Figure 8 Tool-work thermocouple circuit setup for measuring the cutting 
temperature 
To calibrate the tool/work thermocouple, a same approach 
as in [12] is used as shown in Fig. 9 (a), where the tool/work 
thermocouple EMF is measured indirectly. The EMF between 
the tool and a chromel wire is measured at the same time as 
that of a chromel-alumel thermocouple. Thus, the tool-
chromel EMF versus temperature characteristic is calibrated 
against the chromel-alumel standard. This is repeated for the 
work-chromel combination. The tool/work EMF versus 
temperature relation is the difference between the tool-
chromel and work-chromel relations. Fig. 9 (b) illustrates the 
measured temperature versus EMF. Based on the calibrated 
thermocouple sensitivity, the measured EMF values are then 
used to predict the average cutting temperature.  
Figure 10 shows comparison between the experimental and 
simulated cutting temperature at the tool/chip interface. The 
cutting conditions are selected at fz = 0.1 mm/r-z and 1.0 mm 
radial depth of cut for a 12 mm solid carbide end mill with dry 
cutting. It can be seen that the proposed cutting temperature 
calculation model predicts cutting temperature with a good 
accuracy. Normally the highest temperature at the rake face is 
about 100oC higher than the average temperature at the 
tool/chip interface. The WC-Co material loses its mechanical 
strength, when the maximum cutting temperature is in the 
range of 750-800oC or even higher. Thus, it is important to 
select cutting conditions to control the maximum cutting 
temperature less than 750oC and maintain longer tool life. 
 
Fig. 10 Comparison of experimental and simulated temperature at tool-chip 
interface. 
                0 5 10
0
500
1000
 
Figure 9 Thermocouple calibration (a) A tool-work thermocouple calibration setup (b) Measured temperature versus EMF 
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4. Case study 
In this section, a case study is given to illustrate the 
concept on how to achieve energy-efficient machining of 
Ti6Al4V by considering cutting temperature (or tool wear) 
and machining dynamics. A solid carbide end mill with a 
diameter of 19.05 mm and stick-out length of 114.3 mm was 
used. The stability lobes for the tool are illustrated in Fig. 11. 
With the increase of cutting speed, the stable cutting region 
tends to become wider, thus from machining dynamics point 
of view, higher cutting speed is preferred. However, as 
studied in the last section, higher cutting speed increases the 
cutting temperature at the tool/chip interface. Once the cutting 
temperature reaches their characteristic temperature, carbide 
tools cannot maintain their mechanical strength and tool wear 
accelerates. Therefore, due to the requirement of reasonable 
tool life, the cutting speed needs to be carefully controlled. 
Based on the stability lobes given in Fig. 11, at rotational 
speed at 1030 rpm and 1174 rpm larger axial depth of cut is 
allowed. Under both cutting speeds, the stable machined is 
achieved. However to obtain more energy efficient 
machining, a larger spindle rotational speed (or cutting speed) 
is desired since the cutting forces tend to decrease with the 
increase of the cutting speed. Therefore the spindle rotational 
speed was selected at 1174 rpm. After test cut, the machined 
surface is illustrated in Fig. 12 (a), which indicates that a 
stable cutting condition is obtained. With the proposed cutting 
temperature model in Section 2, the average cutting 
temperature at the tool chip interface can be estimated, which 
is approximately 650oC at 1174 rpm. It is less than the 
characteristic temperature of WC-Co tool material. The flank 
of the cutter after 16 passes is shown in Fig. 12(b). Clearly, 
there is no obvious tool wear observed. Therefore, the energy 
efficient machining condition is achieved with the stable 
cutting and a reasonable tool life by considering both the 
cutting vibration and temperature. 
5. Conclusions 
In this paper, an analytical cutting force model is used to 
predict the cutting forces and cutting power in titanium 
machining using WC-Co tools, followed by the temperature 
prediction and stability analysis based on the tap test results. 
By considering the cutting temperature and vibration, more 
energy-efficient machining conditions are found based on the 
proposed approach. Also experiments were performed to 
verify the simulation results. The results show that the 
numerical models used in this study can predict cutting forces 
and cutting temperature with a good accuracy. Finally a case 
study is given to demonstrate that the proposed approach 
provides more stable cutting conditions as well as longer tool 
life using optimal cutting conditions to control the cutting 
temperature at the tool/chip interface under the characteristic 
temperature of WC-Co material. In future, the tool life and 
production cost will be considered to further optimize the 
machining process of titanium alloys. 
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